We have studied atomic motions during the chemical reaction catalysed by the enzyme dihydrofolate reductase of Escherichia coli (EcDHFR), an important enzyme for nucleic acid synthesis. In our earlier work on the enzymes human lactate dehydrogenase and purine nucleoside phosphorylase, we had identified fast sub-ps motions that are part of the reaction coordinate. We employed Transition Path Sampling (TPS) and our recently developed reaction coordinate identification methodology to investigate if such fast motions couple to the reaction in DHFR on the barrier-crossing timescale. While we identified some protein motions near the barrier crossing event, these motions do not constitute a compressive promoting vibration, and do not appear as a clearly identifiable protein component in reaction.
Introduction
Work by several groups in the last decade has identified enzymes in which dynamical motions seem to play an important role in chemical reaction [1] [2] [3] . A system that has received a great deal of attention in these studies of the interplay of catalysis and dynamics is dihydrofolate reductase (DHFR).
DHFR acts in the cell cycle and generates a precursor to nucleotides used to synthesize DNA molecules. The role of DHFR is to reduce dihydrofolate (DHF) to tetrahydrofolate (THF) with the help of the cofactor nicotinamide adenine dinucleotide phosphate (NADPH). The enzyme has a globular structure and contains four helices (labelled B, C, E and F), eight sheets (labelled A-H), and other amino acids making the loops between the elements of the secondary structure of DHFR. The helices flank the sheet, two helices being on each side of the sheet. The main flexible loop regions are the M20 loop (residues 14-24), the FG loop (residues 116-125) and the GH loop (residues 64-71). The action of DHFR has been studied both experimentally [4] [5] [6] [7] [8] [9] and theoretically [10] [11] [12] [13] .
The chemical step of the reaction catalysed by DHFR consists of two sequential steps: protonation of the pteridine ring (with a completely oxidized form of the folate), followed by hydride ion transfer from the cofactor (NADPH) to the DHF. The donor of the hydride is the atom C4 of the nicotinamide ring of NADPH and the acceptor is the C6 atom of the protonated DHF. Theoretical work [11, 12] has focused on the second step mentioned above (hydride transfer), using both QM/MM and ab initio quantum descriptions of the folate substrate and amino acid residues in the active site. Important ns timescale conformational motions were identified in theoretical studies [5, 14] including the motions that close and open the M20 loop. Hammes and co-workers [15] studied a mutated enzyme and concluded that mutation results in a lower rate constant for the enzymatic reaction. HammesSchiffer and co-workers [11] performed mixed QM/MM molecular simulations to generate a free energy profile along chosen coordinates; from geometrical changes observed along these energy profiles they identified important motions, which they assumed are in the ns-ms timescale. They also analysed one molecular dynamics trajectory and identified a spatially extended fs-timescale motion that is concomitant with the chemical step.
The goal of the work reported in this paper is to determine whether fast protein motions are crucial for chemistry and therefore part of the reaction coordinate, or rather a consequence of chemistry. To fulfill this goal, we examined ensembles of reactive trajectories generated using Transition Path Sampling (TPS), followed by analysis of the transition state ensemble using a method we have developed [16] . In addition to identifying protein motions that are potentially part of the reaction coordinate, we also wanted to determine if this enzyme supports an organized promoting vibration such as we have identified in other enzymes [17] [18] [19] . In other words, if there are protein motions that are part of the reaction coordinate, we wish to know if they perform an obvious chemical function such as barrier compression (as in lactate dehydrogenase) or bond polarization (as in purine nucleoside phosphorylase.)
Methods
We performed simulations on the E. coli ternary complex of DHFR with the substrate DHF and the cofactor NADPH using CHARMM35 [20] . The two boundary atoms ( Figure 1) were treated with the Generalized Hybrid Orbital method [21] .
For the NADPH and DHF molecules we did not use the standard CHARMM parameter files, but instead we used the topology and parameter files calculated by Garcia-Viloca et al. [12] . We used the AM1 semi-empirical model (excluding the water
pteridine ring pABA glutamate dihydronicotinamide ribose phosphate P−ribose adenine molecules) included in CHARMM27 all-atom force field for the protein. The water molecules were modelled with the TIP3 model. While the AM1 model is approximate, and known, for example, to overestimate barrier heights, this error in quantum potential is expected to have minimal effect on the vibrational structure of the rest of the protein. As such, we expect little change were we able to implement the calculations with a more exact ab initio method. The complex was then minimized first for 100 steps of the adopted basis Newton-Raphson (ABNR) method and fixing the QM region (with respect to their positions in the crystallographic structure), followed by another 100 steps of ABNR minimization using a 100 kcal mol À1 Å À1 harmonic force applied only to the backbone of the protein. We used the protocol of Garcia-Viloca et al. [12] : the heating was done slowly from 0 to 300 K for 30 ps with the harmonic restraint still being applied to the QM atoms, then, the equilibration phase was performed for 50 ps at 300 K, during which the harmonic restraint applied on the rings of the QM region was slowly reduced to 1 kcal mol À1 Å À1 . After that, we generated reactive trajectories using the TPS method. The order parameter we used was: distance hydride-donor 51.5 Å and distance hydrideacceptor 41.5 Å for reactant basin; distance hydridedonor 41.5 Å and distance hydride-acceptor 51.5 Å for product basin. These distances were used to ensure the observation of the hydride transfer.
As is often the case in TPS simulations, initial trajectory generation often presents the greatest challenge. We generated the initial reactive trajectory by applying a harmonic force equal to 100 kcal mol À1 Å
À1
on the hydride-acceptor pair in a 0.2 ps MD simulation in order to hold the donor and acceptor close enough for the hydride transfer to occur in a reasonable time scale. The next iteration is generated by randomly selecting a slice along the trajectory, and then assigning a small random momentum perturbation drawn from a Boltzmann distribution to all atoms in the system. This newly generated trajectory is then propagated backward and forward in time. For this study, we generated 100 reactive trajectories with timestep 1 fs of length 500 fs. All the production runs were performed in an IBM iDataplex x3650 Linux cluster. Once reactive trajectories have been generated, the next step is identification of the transition state ensemble. Each reactive trajectory contributes one member transition state to the ensemble: the structure that lies on the 0.5 isocommittor surface (trajectories initiated there with velocities drawn from a Boltzmann distribution have probability 0.5 to reach the reactants and 0.5 to reach the products). The complete set of these structures constitutes the transition state (TS) ensemble. Further analysis of the TS ensemble is a formidable task. Our group has suggested [16] a new method to analyse the transition state ensemble, based on a kernel Principal Component Analysis (kPCA).
This method exploits the fact that, by definition, the separatrix is the nonlinear surface spanned by variables that do not participate in the reaction coordinate, so it is a geometric object in configuration space along which progress in the reaction is fixed. Therefore, the separatrix is 'thin' along directions perpendicular to it. A standard method that identifies directions of maximum variance is the Principal Component Analysis (PCA), but it has the limitation that it is a linearization procedure, while the separatrix in an enzymatic system is highly nonlinear. The kernel PCA [22] is a nonlinear generalization of PCA that is able to identify nonlinear directions along which the variance of the data is maximal. If the dominant eigenvector of kPCA dominates the variance, it represents the nonlinear direction along which the separatrix is 'thickest', and residues that do not span this direction are the ones that participate in the reaction coordinate (details can be found in [16] , where we developed this method). This method produces, with small computational effort, a good initial guess of residues that participate in the reaction. Once these residues have been identified, one can then further analyse the reactive trajectories and observe specific residue motions.
Results and discussion
The output of our calculations was the ensemble of the trajectories generated by TPS, showing the progress of the reaction in full atomic detail, allowing us to examine residue motions on the timescale of the chemical event. From our TPS simulations, this timescale was found to be of the order of $10 fs and the transfer distance to be $1.25 Å .
The first step in our analysis was the examination of the distances between the donor-hydride (NC4-NH42) atoms, the acceptor-hydride (C6-NH42) atoms and the donor-acceptor (NC4-C6) atoms. The donor atom (NC4) is in the NADPH molecule (Figure 1 ) and the acceptor atom (C6) is in the DHF molecule. These monitored distances are shown in Figure 2 for one of the reactive trajectories. This plot shows a compression in the donor-acceptor distance when the hydride transfer takes place. This compression of the donoracceptor distance is similar to what we had seen in our earlier work on the enzymes LDH and PNP, where it was also found that there are residue motions that are correlated to this compression. We have also examined overlaps of transition state structures, as identified by committor analysis, of three reactive trajectories. We saw significant similarity among these structures, indicating a common transition state structure.
The next step was the analysis of the transition state ensemble using the kernel PCA analysis, for identifying residues that are part of the reaction coordinate. Earlier works on DHFR had identified important conformational motions on the ps-ns timescale, for example the motion of the FG loop [11, 23] , and some of these residues (Ile14, Gly15, Phe31, Met42, Gly96, Tyr100, and Gly121) have been suggested to be crucial for catalysis. We examine motions on the timescale (fs) of the chemical event. The only other simulation that examined motions in the timescale of the chemical event was by Hammes-Schiffer and co-workers [11] , who found a concerted motion of several residues along the axis that connects residues Met42 and Gly121.
The results of our kPCA analysis are plotted in Figure 3 which shows the contributions of the residues to the dominant kPCA component. As explained earlier, residues that do not contribute to this dominant component span directions perpendicular to the separatrix, which is the definition of the reaction coordinate. The residues that are found to be part of the reaction coordinate are those at the local minima in this figure (residues Ile5, Phe31, Met42, Gly43, Thr46, Ile94, Gly95, Gly96, Tyr100 and Leu110; the positions of these residues in the protein are shown in Figure 4 ). Then we analysed the motions of these residues in our set of reactive trajectories and found a pseudo--compressional motion along the curve formed by the residues Ile14, Tyr100, Gly95 and Met42 ( Figure 5 ). However, this motion is not along the donor-acceptor Figure 4 . Representation of the most relevant residues found in the kPCA in the donor (residues Met42, Gly43, Thr46, Gly95, Gly96, and Tyr100) and acceptor (residues Ile5, Phe31 and Ile94) sides. These residues show fewer motions (described in the text) related to the donor and acceptor atoms. The cofactor molecule (NADPH -QM region) is where the donor (blue dot) is located and the substrate (DHF -QM region) is the molecule where the acceptor (cyan dot) is located. axis, as can be seen in Figure 5 . Unlike LDH and PNP, there seems to be no compressional motion of residues along the donor-acceptor axis. We should point out that the axis along the residues Ile14 and Met42 is distinct from the axis along residues Met42 and Gly121, along which a compression had been seen in a ps simulation by Hammes-Schiffer and co-workers [11] . Our results agree with the decrease in distance between the residues Met42 and Gly121 (about 18.8 Å ) reported in that work, around the hydride transfer event.
We then compared the motions of NADPH's nicotinamide ring (where the donor is located) to the motions of those residues identified by kPCA that lie on the donor side (residues Ile14, Met42, Ile94, Gly95, Tyr100 and Gly121). They form a kind of pocket accommodating the NADPH molecule in the active site. We found that residue Met42 moves away from the NADPH nicotinamide ring by about 0.5 Å and that residue Gly121 gets closer (by about 0.5 Å ) to the same ring. We also found that the residues Ile14 and Tyr100 are the ones that are closer to the ring, but their distance from it are kept roughly unchanged. Thus, the motion of the ring where the donor is located seem to be affected mainly by the residues Met42 and Gly121, that are each about 10 Å away. The overall movement of the residues described in this paragraph shows that even though the residues Met42 and Gly121 have a greater motion, the other residues in the pocket (Ile14, Ile94, Gly95 and Tyr100) may be involved in keeping the donor atom in a manner that is closer to the acceptor, since these residues are the ones closer to the donor.
The above description presents a list of residues that move as the enzymatic reaction crosses the transition state. As important as this list is, it is critical to discuss the significance of these motions. If they are indeed part of the reaction coordinate, then if we started a MD trajectory from a state on the separatrix and propagate the system while keeping these residues fixed (thus, remaining on the separatrix), and finally initiating trajectories from points along this restrained trajectory, we would get commitment probabilities close to 0.5, which we failed to find by using these residues for the restrained trajectory.
Therefore, our simulations of the DHFR catalysed reduction of dihydrofolate (DHF) to tetrahydfrofolate (THF) indicate that while fast motions are involved in the chemical event, they are not the types of organized dynamics in which the participation of protein dynamics in the reactive event is clear. Examples of this phenomenon would include compressional motions along a donor-acceptor axis in other enzymes [17, 19] ; or leaving group bond polarization caused by the compression of electronegative atoms [18] . Our results show that while there are fast motions concomitant with the chemical event, they are exactly the types of small detailed active site changes expected to accompany any charge transfer reaction. These motions do not show any obvious pattern of organization of the relative atomic displacements of transferring partners, or chemically relevant electron polarization. This result in no way speaks to the importance of any longer time networks of motions. 
